Potato virus Y (PVY) is the potato virus with the highest economic impact on seed potato production. Insecticides are efficient in controlling aphids, which are the vectors of this virus, but rarely limit virus spread in the field. Straw mulching and mineral oil spraying are known as alternatives to insecticides to reduce PVY incidence, but important year-toyear variation in efficacy has been observed with both of these techniques. Preliminary studies revealed the efficacy of intercropping in controlling PVY spread, but more data are needed to validate this observation. A four-year field trial was conducted in Switzerland to assess the potential synergistic effect of combining mineral oil spraying with straw mulching to increase the protection of seed potato crops against PVY spread. Furthermore, the efficacy of intercropping with oat and hairy vetch was examined as a novel way to control in-field PVY spread. The present work demonstrates that the modes of action of mineral oil and straw mulching are complementary and reduce the year-to-year variation observed with oil and straw when used alone as PVY control agents. The results also demonstrate the efficacy of intercropping for the control of PVY, and the mode of action of this novel control method is discussed. Overall, this work shows that it is possible to increase the protection of potato fields against PVY spread by combining control strategies with different modes of action that complement each other, such as mulching, oil spraying and intercropping.
Introduction
Potato virus Y (PVY, genus Potyvirus, family Potyviridae) is the potato virus with the highest economic impact on seed potato production worldwide (Rolot, 2005; Valkonen, 2007) . It is transmitted in a nonpersistent manner by various species of aphids, including those that do not necessarily colonize potatoes (Woodford, 1992) . Non-winged morphs of aphids are relatively unimportant vectors of PVY, because of their limited dispersal capacity (Nemecek, 1993; Radcliffe & Ragsdale, 2002) . Winged aphids, by contrast, are responsible for spreading the virus as they fly from plant to plant and field to field (Broadbent, 1957a,b; Woodford, 1992; Robert et al., 2000) . Use of insecticides, while effective in controlling the vectors, seems to have a low impact on the spread of PVY because of the short time needed to transmit the nonpersistent virus (Shanks & Chapman, 1965; Gibson et al., 1982; Boiteau et al., 1985; Lowery & Boiteau, 1988; Boquel et al., 2014) . Aphids often transmit PVY prior to being killed by the insecticide (Perring et al., 1999) .
It has been shown that the initial colonization of potato fields by aphids tends to be concentrated on the margins of the fields (Difonzo et al., 1996; Carroll et al., 2009) . It was postulated that the strong visual contrast provided by the fallow ground and the crop canopy might be more attractive to aphids than a homogeneous surface with relatively little contrast (D€ oring & Chittka, 2007) . Two types of PVY control techniques make use of this phenomenon by manipulating the contrast between the bare soil and the crop canopy: mulching (Wyman et al., 1979; Basky, 1984; Heimbach et al., 2004; Saucke & D€ oring, 2004 ) and crop borders (Difonzo et al., 1996; Fereres, 2000; Boiteau et al., 2009) . Straw mulching is known to reduce PVY incidence by roughly 30% (Saucke & D€ oring, 2004; Kirchner et al., 2014) . Nevertheless, important year-to-year variation in efficacy was observed in all multiyear trials of straw mulching, ranging from 6% (Saucke & D€ oring, 2004) to 70% (Kirchner et al., 2014) . Empirical studies showed that fewer winged aphids were captured in mulched plots compared to nonmulched ones (Heimbach et al., 2004; Saucke & D€ oring, 2004) . According to a hypothesis proposed by D€ oring et al. (2004) , aphids land indiscriminately on either the straw or the plant as a consequence of the low contrast between the plant and the straw background. However, once an aphid has landed on the straw and probed on it, it will take off again and leave the plot, starting the socalled 'rejection flight' (Kring, 1972; D€ oring et al., 2004) .
Olfactory stimuli could also play a role in this rejection flight process, as it was demonstrated that aphids could respond to olfactory stimuli (D€ oring, 2014) . This effect of straw on the behaviour of aphids has been shown to be stronger early in crop development and to decline later in the season (Saucke & D€ oring, 2004) .
In the case of crop borders, two different mechanisms may operate. It is thought that by the time an aphid has probed the plants of the crop border, it will have lost its charge of virus particles and be unable to transmit PVY any longer (Boiteau et al., 2009 ). This first effect of border crops is named the 'virus sink' effect. Secondly, tall barrier crops create a physical obstacle around the field, impeding the colonization of the potato crop by aphids. This second effect of barrier crops is named the 'mechanical barrier' effect (Difonzo et al., 1996; Fereres, 2000; Boiteau et al., 2009) . In practice, however, crop borders are not easy to implement effectively, especially in small fields. Therefore, this technique is mainly used in the USA (Davis et al., 2009) Dupuis et al. (2010) hypothesized that potato crops could benefit from the same two effects of crop borders by using the intercropping technique. The advantage over border crops is that intercropping can be used on small fields without wasting land. The principle is that the intercrop plants surrounding the potato plants play the role of a mechanical barrier for aphids and also act as a virus sink, with aphids landing on the associated crop. Intercropping may also limit the spread of PVY by reducing gaps in the crop canopy, which are known to favour PVY spread (Davis et al., 2009) . The results of a first trial with oat intercropping were reported by Dupuis et al. (2010) and demonstrated that intercropping is efficient in controlling the spread of PVY in the field.
A third PVY control option is the spraying of mineral oil on potato foliage (Bradley et al., 1966; Boiteau & Singh, 1982; Powell, 1992; Powell et al., 1998; MartinLopez et al., 2006; Boiteau et al., 2009) . Mineral oil can reduce the acquisition and retention of PVY by aphids (Wr obel, 2009; Boquel et al., 2013) . Nevertheless, the efficacy of mineral oil in controlling the spread of PVY varies widely, from 18% to 89% (with an average of 49%) depending on the study (Boiteau & Singh, 1982; Martin-Lopez et al., 2006; Boiteau et al., 2009; Hansen & Nielsen, 2012; Fageria et al., 2014; Kirchner et al., 2014; Mackenzie et al., 2014; Steinger et al., 2014) . There is a profound need to increase the efficacy and stability of mineral oil treatments, e.g. by combining it with a complementary control method.
Few studies have examined the combined effect of mineral oil and straw mulching for the control of PVY. In a one-year trial, Dupuis et al. (2010) showed that the association of mineral oil with mulch has beneficial effects in terms of controlling in-field PVY transmission. Another similar one-year trial on the association of mineral oil and straw mulching was reported by Kirchner et al. (2014) ; however, these authors showed that this combination did not further reduce the incidence of PVY. Given the contradictory results of those two studies, further data are needed in order to clarify the real efficacy of the association of mineral oil with straw mulching in controlling PVY spread. The purpose of the present study is to provide new data on this specific topic. In addition, different amounts of straw were compared in order to define the amount of straw that would be optimal in controlling PVY spread while remaining economically sustainable for the potato seed growers. The study also examines the efficacy of intercropping with oat (Avena sativa) and hairy vetch (Vicia villosa) as a way to control in-field PVY spread.
Materials and methods

Experimental site and crop management
Field trials were conducted at the Agroscope Agricultural Research station in Changins (Nyon, Switzerland) from 2011 to 2014. For each of the four trials, a 0.09-0.12 ha field was planted with the cultivar Charlotte, known to be highly susceptible to PVY (Schwaerzel et al., 2014; Steinger et al., 2014) , at a seeding rate of one seed piece per 0.33 m with a 0.75 m row spacing. High-grade seed-lots (basic or pre-basic seed) were used for planting, in which no PVY was detected in diagnostic tests carried out by the Swiss certification authorities. Individual plots (treatment replicates) were four rows wide (3 m) and 25 plants long (8.25 m) and were surrounded by a buffer row planted with Lady Christl, a cultivar that is highly resistant to PVY (Schwaerzel et al., 2014) . Three seed pieces of cultivar Charlotte infected with strain PVY NTN 1317 (Agroscope collection) were planted in central locations within each plot (position 12 in row 2, positions 6 and 19 in row 3) to serve as a source of virus inoculum (3% initial infection level). The field was irrigated when necessary but otherwise managed according to usual cultural practices, without spraying of insecticides. Haulm killing was performed with two herbicide treatments; the first treatment was carried out around 80 days after planting (Reglone; Syngenta; 200 g L À1 diquat) and the second treatment 1 week later (Spotlight Plus; Syngenta; 60 g L À1 carfentrazone-ethyl).
Oil and straw treatments
Two treatments were applied during the 4 years of trials: mineral oil spraying and mulching with wheat (Triticum aestivum) straw. Mineral oil (Zofal D â ; St€ ahler; 830 g L À1 mineral oil) was sprayed weekly as a 1.75% solution in water at a rate of 400 L ha À1 with a backpack sprayer (Birchmeier M125) from 80% of emergence until haulm killing. Straw was applied by hand on each row at a quantity of 2.5 t ha À1 immediately after planting (Fig. 1b) . The combination of mineral oil and straw mulching was also tested in each trial except for the one in 2011. Treatments were applied in a randomized complete block design with four replicate plots per trial.
Additional plots were set up in 2013 and 2014 within the same field to evaluate whether the amount of straw per unit Plant Pathology (2017) 66, 960-969 area (straw quantity) could be reduced without affecting the rate of PVY transmission. Four quantities were tested: 1, 1.5, 2 and 2.5 t ha
À1
.
Intercropping
The effect of intercropping on PVY transmission was evaluated in 2011 and 2012. Hairy vetch (V. villosa) and oat (A. sativa) were sown by broadcasting the seeds on the rows at the time of potato planting (Fig. 1c,d ) (60 kg ha À1 for oat and 50 kg ha
À1
for hairy vetch). Growth of oat was stopped after 3 weeks (stage 23 on the BBCH scale) to limit competition with the potato crop for water and nutrients. This was achieved with two applications of Aramo (BASF; 50 g L À1 tepraloxydim) at an interval of 7 days.
Measurement of crop cover
The percentage of plot surface covered by the foliage of the growing potato plants as well as the surface covered by the associated crop or mulch was estimated at weekly intervals using the point quadrats method (Wilson, 1963) .
PVY infections in tubers
Four weeks after haulm killing, two tubers were manually sampled from each plant. PVY infections were tested in sprouting tubers using an enzyme-linked immunosorbent assay (ELISA) as described in Gugerli & Gehriger (1980) . Monoclonal antibodies specific for PVY N isolates (monoclonal PVY IgG; Bioreba AG) were used. PVY incidence was calculated as the percentage of PVY-infected plants per plot.
Tuber yield
After mechanical harvest of each plot with a one-row Samro harvester, the total yield was measured.
Aphid captures
Aphids were captured using green pan traps (colour #006400 CSS reference). The traps (26 cm in diameter) were filled with water containing 1-3% detergent, and placed in the centre of each plot. Green rather than yellow traps were used because the former may provide more realistic estimates of rates of aphid landings on green potato foliage (Boiteau, 1990; Avinent et al., 1991) . Traps were emptied twice a week, and the total number of winged aphids was counted on a weekly basis during 6 weeks. The most prevalent aphid species (>1% of total captures) were identified and counted individually.
Statistical analysis
A general linear model was used to evaluate the effects of oil spraying (factor with two levels), straw mulching (factor with two levels), and the interaction of the two on post-harvest PVY incidence in tubers and on total tuber yield. Year and block (nested within year) were included in the model as blocking factors. The interaction term oil 9 straw was analysed using trials conducted in 2012-14 (the experimental design in 2011 omitted the combined applications of oil and straw). Separate general linear models were used to evaluate the effect of straw quantity (factor with five levels) and intercropping (factor with three levels) on post-harvest PVY incidence in tubers and on yield. A Dunnett's multiple comparison procedure was used to compare the straw and intercrop treatments to the control (bare soil plots). Residuals were always checked for normality and homogeneity of variances. Data on PVY incidence and yield were not transformed prior to analysis. Data on total aphid counts was square-root transformed to better satisfy the assumptions of the general linear model. Data on weekly aphid captures did not always satisfy model assumptions, and in these cases P-values were calculated based on a permutation test. All statistical analyses were performed using R v. 3.2 software with the packages CAR, MULTCOMP, LMPERM and LSMEANS. 
Results
PVY incidence
Both oil spraying and straw mulching significantly decreased postharvest PVY incidence, but the strength of the treatment effects varied among years (Table 1 ). Averaged over the 4 years of the study, straw reduced PVY incidence by 27%, with a range of 0-54% depending on the year (Fig. 2) . Oil reduced PVY incidence by an average of 43%, with a range of 27-67% (Fig. 2) . The oil 9 straw interaction evaluated with pooled data from years 2012-14 was statistically nonsignificant (P = 0.83, Table 1 ). However, the three-way interaction with year was marginally significant (P = 0.056, Table 1 ). A yearwise analysis revealed a relatively complex picture: the combined effects of straw and oil were largely additive in 2013 but slightly antagonistic in 2014 (Fig. 2) . The estimated efficacy of the combined oil-straw treatment (assuming an absence of oil 9 straw interactions) was an average of 59%, with a range of 43-73% depending on the year.
The effect of different quantities of straw on PVY incidence was evaluated in the 2013 and 2014 trials, which were the years in which high rates of PVY transmission occurred in the untreated control plots. The main effect of the straw quantity was significant (F 4,24 = 4.7; P < 0.01), and there was no significant interaction with year (F 4,24 = 1.4; P = 0.28). When comparing the PVY incidence in plots using different quantities of straw with the incidence of PVY in the bare soil plots (Dunnett test), it appeared that incidence was significantly lower only for the plot with the highest quantity (2.5 t ha À1 ; P < 0.01; Fig. 3a) .
Intercropping with oat and vetch was studied in 2011 and 2012. The main effect of intercropping was significant (P < 0.05), and there was no significant interaction with the year (P = 0.07). Multiple comparisons of treatment means with the bare soil control (Dunnett test) showed that the effect was significant for both intercropping methods. Averaged over the two years, the reduction of the PVY incidence was 34% for oat-intercropped plots and 33% for vetch-intercropped plots (P < 0.05; Fig. 3b ).
Tuber yield
The effect of straw cover on total tuber yield varied among years (Table 1) . Plots with straw had a lower yield in 2012 (À18%, P < 0.05), but a higher yield in 2013 (+25%, P = 0.07), while no significant difference was observed in 2011 (+1.5%, P = 0.79) and 2014 (+3%, P = 0.54; Fig. 4a ).
Oil spraying decreased the total yield in the four years by 10% on average, a nonsignificant effect (P = 0.09; Table 1 , Fig. 4b) .
Averaged over the two years, both intercropping treatments slightly reduced total yield compared with the control plots; a 13% reduction was observed with oat and 11% with vetch (Dunnet test: oat: P < 0.05; vetch P < 0.05; Fig. 4a ).
Temporal dynamics of soil surface cover
Because early-season colonization of potato plants by aphids is thought to be determined by the visual contrast between the crop plants and the surface of the bare soil, the temporal change in soil surface cover was monitored for the different treatments. Figure 5 shows that straw mulch covered a large fraction of the bare soil surface at the time of potato emergence, but the percentage covered by straw rapidly declined in the 3 weeks after emergence, when the potato foliage was growing and rapidly covering the soil. In contrast, the vetch and oat foliage made only a small contribution to soil surface cover at the time of potato emergence, but their share steadily increased during the course of the growing season.
Aphid captures
The number of aphids trapped in each plot was monitored until 6 weeks after potato emergence. Oil spraying did not influence the total aphid numbers in any year (Table 1) . Therefore, the data of oil-sprayed plots and bare soil plots were pooled for subsequent analysis of aphid counts. Similarly, intercropping did not affect the total aphid numbers when compared with the control plots ( Table 1 ). The cumulative number of all aphids trapped was significantly influenced by straw application, but the effect varied by year (Table 1) . Plots with straw mulch had significantly lower aphid counts in 2011 (À45%, P < 0.001) and 2013 (À30%, P < 0.05) but not in the other two years (2012: +23%, P = 0.10; 2014: À9%, P = 0.44). Analysis of the temporal dynamics within years showed that in the two years in which straw reduced aphid counts, the difference was most pronounced during the 4 weeks after potato emergence but F-values are given along with asterisks indicating the significance of the test. Note that ANOVA models also included a term due to block nested within year (results not shown). The interaction terms straw 9 oil and straw 9 oil 9 year were modelled using a subset of the data (excluding the year 2011). *P < 0.05, **P < 0.01, ***P < 0.001.
Plant Pathology (2017) 66, 960-969 declined for later trapping dates (Fig. 6 ). The effect of straw also varied considerably among aphid species, although no species was unaffected by straw in all four years (Table 2) . The main effect of straw quantity on total aphid counts was significant (P < 0.01), and there was no significant interaction with year (P = 0.95). Multiple comparisons of treatment means with the bare soil control (Dunnett test) showed that the straw effect was only significant at the highest quantity (Fig. 7) .
Discussion
This study evaluated the efficacy of various virus control measures, including oil spraying, straw mulching and intercropping, aimed at reducing PVY incidence in a potato crop without affecting tuber yield. There was a particular focus on those potential synergistic effects that might arise due to joint applications of virus control measures. Weekly applications of mineral oil from the time of crop emergence is a common but labour-intensive virus management measure in seed potatoes and is known to reduce PVY transmission by roughly half, albeit with important variation among environmental conditions (Boiteau & Singh, 1982; Martin-Lopez et al., 2006; Boiteau et al., 2009; Hansen & Nielsen, 2012; Fageria et al., 2014; Kirchner et al., 2014; Steinger et al., 2014) . In the present study, mineral oil applications reduced PVY incidence by an average of 43%, with considerable year-to-year variation, which is consistent with the literature. Oil is not thought to interfere with probing and feeding behaviour of aphids (Vanderveken, 1968; Qiu & Pirone, 1989 ), but it is likely to reduce virus acquisition (Bradley et al., 1962; Simons & Zitter, 1980; Boquel et al., 2013) and retention (Wang & Pirone, 1996; Wr obel, 2009 ) by aphid vectors. Moreover, potato plants treated with mineral oil were found to produce volatiles that act as a repellent against aphids, at least in the short term (Ameline et al., 2010) . In the present study, however, no difference was found in aphid landings between oil-treated and untreated plots. This suggests that mineral oil is acting exclusively after aphid landing rather than affecting the aphids' landing behaviour.
The observed year-to-year variation in the efficacy of mineral oil may be related to the dynamics of growth of the foliage. The increase in leaf area is the highest after plant emergence and declines until senescence (Shands et al., 1970) . As new leaves emerging after oil sprays are susceptible to PVY infection , potato crops may face a relatively higher risk of infection during the early stages of crop development compared to later in the season, assuming the common practice of constant (weekly) applications of mineral oil. Consistent with this reasoning, a lower efficacy (27-39%) of oil spraying was found in the years 2011 and 2013, when aphid activity was high early in the season, and a higher efficacy (67%) in the year 2014, when aphid vectors appeared relatively late in the season. Virus control by oil spraying may therefore be optimized by increasing the application frequency during the first few weeks after crop emergence at the expense of later sprayings. No significant reduction in yield was measured in the plots sprayed with mineral oil. Nevertheless, slight phytotoxicity of mineral oil has been observed in other experiments (Boiteau & Singh, 1982; Martin-Lopez et al., 2006) , emphasizing the necessity for a cautious use of mineral oil to control PVY (Kirchner et al., 2014) .
Straw mulching is less common in practice but proved to be efficient in controlling PVY spread (Heimbach et al., 2004; Saucke & D€ oring, 2004; Dupuis et al., 2010; Kirchner et al., 2014) . The reason that straw mulch scattering is not widely applied is that little information is available on how effective it is at the field scale. The method was previously shown to reduce PVY incidence by roughly 30%, albeit with large year-to-year variation (Saucke & D€ oring, 2004; Kirchner et al., 2014) . The average reduction of PVY incidence in the present investigation was 27%, and the efficacy of straw mulching varied substantially among the years of the experiment. This variation may be explained by the fact that straw mulch is not effective during the whole growing period; it is primarily effective from the emergence of the plants until the closure of the canopy (Heimbach et al., 2004; Saucke & D€ oring, 2004; Kirchner et al., 2014) , as during this time the straw is visible for winged aphids and thus has an effect on their landing behaviour. The results are consistent with this observation, as lower aphid landings were observed on mulched plots from 2 to 4 weeks after potato emergence. Afterwards, when the crop canopy covered the soil, a relative increase of aphid 
Number of aphids captured
Weeks aŌer emergence Figure 6 Mean values of the weekly captures of aphids in potato plots with straw mulch and in bare soil plots. 2011: n 'straw' = 4 and n 'bare soil' = 8, 2012-14: n = 8. Asterisks indicate significant differences in aphids captured between treatment and control. NS: nonsignificant; (*)P < 0.1; *P < 0.05; **P < 0.01.
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captures occurred. The ultraviolet reflectance of straw and bare soil are very similar (D€ oring et al., 2004) . Thus, the effect of straw on aphid behaviour cannot be attributed to UV repellency but to the lower optical contrast between the plant canopy and the straw compared with the contrast between the plant canopy and the bare soil (D€ oring et al., 2004) . This work also emphasizes the effect of straw on the selection of aphid species. This means that the efficacy of the straw may be dependent on the attraction of specific aphid species to the visual stimuli it produces.
Different quantities of straw were tested in this work, and optimum PVY control was obtained with the highest quantity, 2.5 t ha À1 , with an average efficacy of 27%. It was demonstrated that 2.5 t ha À1 covered 60% of the soil at potato emergence and that it was the minimum amount needed to reduce aphid captures in the crop. It can be hypothesized that a higher cover of the soil would better control aphid landings early in the season and better protect the plots against PVY spread. This hypothesis is consistent with the results of other trials: Saucke & D€ oring (2004) used a larger amount of straw, 3.5 t ha À1 , and obtained an average efficacy of 31% (a 3-year trial in Germany) while Kirchner et al. (2014) used 5.5 t ha
À1
with an efficacy of 44% (a 3-year trial in Finland).
The present work demonstrates the complementarity of mineral oil and straw mulching in controlling PVY spread, as no interaction between the effects of oil and straw mulching was detected. In the experiment, the joint effect of straw mulching and mineral oil spraying resulted in a 59% reduction of PVY incidence compared to 43% and 27% for mineral oil and straw mulching, respectively, when used separately. Additionally, it must be stressed that, in the experiments, the efficacy of the association of mineral oil and straw mulching never fell below 43% in any year, compared with a low point of 27% and 0%, respectively, with oil or straw used alone. This complementarity of the two control measures may be explained by the evolution of the crop canopy during the growing season. As outlined above, oil sprayings may provide little protection from PVY infection during periods of rapid foliage expansion at the beginning of the growing season. In contrast, straw mulch is thought to be most effective in preventing aphid landings -and hence virus infections -during early growth stages (i.e. when the visual contrast between the soil and the foliage is highest in the crops). The results suggest that this complementarity of the mode of action reduces the year-toyear variation observed with oil and straw when used Significance of the straw effect and the straw 9 year interaction in the general linear model are indicated. NS: nonsignificant, *P < 0.05, **P < 0.01, ***P < 0.001. The study also showed that the efficacy of intercropping was not due to any reduction in the aphid landings in the crop and may have been due to the 'virus sink' effect, through which the aphids lose their PVY inoculum after several probes on a non-host plant (Wr obel, 2007; Boiteau et al., 2009) . The efficacies of oat and vetch intercropping were very similar and comparable to the efficacy of straw mulching. Nevertheless, intercropping reduced tuber yield, whereas the average effect of straw mulching on yield was low. Therefore, straw mulching is a better candidate to complement the effect of mineral oil for a better protection of potato fields against PVY spread.
In conclusion, this work showed that it was possible to increase the protection of potato fields against PVY spread by combining control strategies with different modes of action that complement each other, such as mulching, oil spraying and intercropping.
